Inhibitory effect of sulfur-containing compounds on anodic oxidation of borohydride was investigated. The linear sweep voltammetry technique revealed that sulfur compounds such as thiosulfate and sulfide inhibited anodic oxidation of borohydride not only on a platinum surface but also on a glassy carbon surface which had less catalytic activity of borohydride electro-oxidation. Through electrochemical impedance spectroscopy, it was confirmed the charge transfer resistance of borohydride oxidation at the electrode surface increased in the presence of sulfur compounds, but the capacitance of the electric double layer at the surface did not depend on sulfur compounds and their concentration. The degree of inhibition by each sulfur compound on the electro-oxidation of borohydride in the presence of electrodes and its spontaneous oxidation in the absence of electrodes was similar. Thus the sulfur compound inhibitive influence on borohydride oxidation occurred without adsorbing onto the surface of the electrode. The anodic oxidation of borohydride was suppressed to less than 1/10 of the exchange current in the case of thiosulfate and sulfide. Sulfur compounds inhibited anodic oxidation of hydrazine and dimethylaminoborane as well, while the effect of each sulfur compound varied from that of borohydride.
Introduction
Sulfur compounds such as sulfide are widely known as "catalytic poison" reducing the catalytic activities of platinum, 1 because of strong adsorption onto the active catalytic sites on the metals. For example, sulfur compounds (sulfide, thiol and disulfide) have been reported as poisons for all catalytic processes employing reduce metals as the primary active phase. 2 Gaseous sulfur compounds, such as SO 2 , on platinum surfaces inhibit the catalytic activity of platinum. 3, 4 Sulfate and bisulfate adsorption on platinum surfaces was directly observed by in situ scanning tunneling microscopy technique. 5 Coverage of sulfur on a platinum electrode was estimated using cyclic voltammetry and surface science techniques such as low-energy electron diffraction. 6 In addition, sulfur compounds such as thiourea have been studied as corrosion inhibitors for pure iron and stainless steels. [7] [8] [9] [10] Borohydride and its oxidation mechanism has been studied in relation to direct borohydride fuel cells (DBFC). [11] [12] [13] [14] [15] In addition, this strong reducing agent is commonly utilized for chemical deposition of metal films. 16 Although anodic oxidation inhibition of borohydride on platinum electrodes by sulfur compounds dissolved in the electrolytes has been reported, 17 data regarding the inhibitory effect is not common. Furthermore, the inhibitory effect is generally interpreted as the result of adsorption of the sulfur compound on the catalytically active sites on the catalyst surface. However, the correlation between the inhibitory effect on electro oxidation on a platinum surface and the sulfur compound adsorption onto the electrode surface has not been thoroughly studied and discussed. This paper reports the inhibitory effect of sulfur compounds (thioethers, thiols, disulfides, thiocarbonyls and sulfides) on anodic oxidation of borohydride investigated using linear sweep voltammetry (LSV). In addition, electrochemical impedance spectroscopy (EIS) was used to clarify the relation between sulfur compound adsorption on the electrode surface and variation of charge transfer resistance derived from the sulfur compounds. The inhibitory effect of sulfur compounds on the spontaneous oxidation of borohydride was also investigated and the result compared with that of the electrochemical study. The inhibition mechanism of sulfur compounds may be of value in the fields of catalysts and plating.
Experimental

The sulfur compounds investigated
Sulfur compounds representative of thioethers; 2,2B-thiodiacetic acid (TDA) and DL-methionine (MTN), thiols; tiopronin (TPN), disulfides; bis-(sodium sulfopropyl) -disulfide (SPS), thiosulfates; sodium thiosulfate (TSL), thiocarbonyls; thiourea (TUR), and sulfides; sodium sulfide nonahydrate (SLF) were used in the experiments. The chemical structure of selected sulfur compounds are shown in Fig. 1 .
Linear sweep voltammetry
The electrolyte was composed of 0.25 M NaOH, 0.1 M sodium borohydride (SBH), and 0.031 mM sulfur compound (M = mol dm
¹3
). The pH in all experiments were in the range of 13.3-13.6 at 25°C. The LSV measurements were performed using a three electrode setup on an IviumStat potentiostat (Ivium Technologies) with a bare platinum disk as the working electrode, a platinum wire as the counter electrode, and an Ag/AgCl electrode as the reference electrode. In some cases, a glassy carbon (GC) electrode was used as the working electrode for comparison. The LSV measurements were carried out from open circuit and potential increased at a scan rate of 2 mV s ¹1 , at 25°C. Hydrazine and dimethylaminoborane (DMAB) instead of SBH were also examined as reducers at the same concentration for comparison.
Electrochemical impedance spectroscopy
The same apparatus and platinum electrode described in 2.2 were used with a two electrode cell in which two platinum electrodes were used as the working electrodes. The impedance spectra were measured at 25°C in the frequency range from 10 mHz to 10 kHz at five frequencies per decade with an AC amplitude of 10 mV at 0 V DC offset. The electrolyte contained 0.25 M NaOH as the supporting electrolyte, 0.013 M SBH and 0.031 mM sulfur compound (TDA, TPN or TSL). For TSL, the effect of varying concentration was also investigated.
To fit the EIS data, a model which includes the constant-phase element (CPE) were used. The CPE impedance (Z CPE ) expressed in terms of the model parameters p and Q CPE is as follows;
Here, j is the imaginary unit and ½ is angular frequency. When p = 1, the parameter Q CPE has units of capacitance, otherwise, Q CPE has units of F s (p¹1) . The equivalent circuit used in the investigation is shown in Fig. 2 , where R sol represents the solution resistance and R ct B represents the charge transfer resistance, respectively. The Q CPE can be approximated as the capacitance of the electric double layer on the electrode surface. This equivalent circuit is commonly used in the field of corrosion science in order to evaluate corrosion rate of metals such as steel and adsorption of inhibitors onto the surface, 10, [19] [20] [21] [22] and it is also suitable for evaluation of sulfur compounds inhibitors in this study.
Inhibitory effect of the sulfur compounds on spontaneous
oxidation of SBH The solutions were composed of 0.25 M NaOH, 0.013 M SBH and 0.031 mM sulfur compound (TDA, TPN, SLF or TSL). A solution without SBH and sulfur compound was also examined for comparison. Oxidation reduction potential (ORP) of the test solutions stored in polypropylene bottles was measured at the specified intervals of time using an ORP combination electrode (TOA DKK, model PST-2739C). Measurements were conducted over a 100 day period.
Results and Discussion
Inhibitory effect of sulfur compounds on anodic oxidation
of SBH The inhibitory effect of the sulfur compounds on anodic oxidation of SBH was investigated by measurement of the anodic polarization curves using LSV. Figure 3 shows the anodic polarization curves of the electrolytes containing sulfur compounds (TDA, TPN, TSL and SLF as representative examples) on the platinum and GC electrodes. MTN and TDA showed similar results, as did SPS and TPN, and TUR and SLF. On the platinum surface SBH was oxidized at a negative potential, therefore more easily, compared to on the GC electrode. This demonstrated the catalytic activity of platinum on the oxidation of SBH was higher than that of the GC electrode. Interestingly, TPN, TSL and SLF demonstrated an inhibitory effect not only on the platinum electrode but also on the GC electrode. Therefore, the inhibitory effect of sulfur compounds may not be directly related to the catalytic activity of the electrode surface.
It should be additionally noted that this inhibitory effect was not confirmed in the case of nitrogen compounds (3-amino pyridine, 2,2B-dipyridyl and o-phenanthroline) or poly ethylene glycol when examined under the same conditions, thus it can be said that this effect is quite unique to sulfur compounds.
EIS study
In order to clarify the influence of sulfur compounds on the charge transfer resistivity (R ct ) of the electrochemical reactions and the capacitance of electric double layer of the electrode surface, EIS was carried out. The Nyquist plot for variation of sulfur compounds is shown Fig. 4 , and that for variation of TSL concentration is shown in Fig. 5 . The estimated values of R ct and Q CPE by fitting the resulting curves are listed in Table 1 for variation of the sulfur compound, and shown in Fig. 6 for variation of the TSL concentration. These values were re-estimated according to the following relationship; R ct = R ct B/2 and Q CPE = 2 © Q CPE B, because the values of R ct and Q CPE could be assumed to be the same when both electrodes in the measurement system were the same.
As shown in Table 1 , the R ct increased in the presence of a sulfur compound, and the more the sulfur compound inhibited the anodic oxidation of SBH as shown in Fig. 3 , the higher the R ct became. Thus, the R ct corresponded to the charge transfer resistance of SBH anodic oxidation. On the other hand, a clear relation between sulfur compounds and Q CPE was not confirmed. Likewise, the R ct monotonically increased with increase of TSL concentration as shown in Fig. 6 , while Q CPE did not strongly depend on the TSL concentration. Especially, Q CPE did not change between 0.031 mM and 0.15 mM while the R ct drastically increased in this range. Generally, Q CPE value decreases when chemical species such as inhibitors adsorb onto an electrode surface, because they displace the water molecules and other ions originally adsorbed on the surface 21 and this replacement decreases the local dielectric constant of the electric double layer as the capacitance is given as follows:
Where C is the capacitance, ¾ 0 is the permittivity of air, ¾ is the local dielectric constant, d is the distance of the electrodes and A is the surface area of electrode. Therefore, the result indicated the sulfur compounds such as TSL can inhibit the electrochemical reaction on the platinum surface without chemisorbing onto the surface of the platinum. 
Comparison with spontaneous SBH oxidation
The inhibitory effect of the sulfur compounds on spontaneous oxidation of SBH was investigated for comparison. Figure 7 shows the ORP variation of the SBH solutions with varying sulfur compound as a function of elapsed time. Only the control solution which did not contain SBH nor sulfur compound had a higher initial ORP than other solutions. When SBH in the test solutions is completely oxidized, ORP will increase up to that of the control solution. The ORP of the SBH solution that did not contain a sulfur compound drastically increased about fifteen days after preparation due to spontaneous borohydride oxidation. On the other hand, the SBH solutions that included a sulfur compound maintained an ORP of less than ¹500 mV for 25 days or longer. The reason why ORP decreased during the first 16 days for TDA, TPN, TSL and SLF is not clearly understood at present. The ORP of the TDA solution increased to the same value as that of the control solution about 30 days after preparation. After 30 days or more, ORP of the TPN, TSL and SLF solutions began to gradually increase. A drastic increase in ORP occurred 90 days after preparation of the TPN solution. For the TSL and SLF solutions, ORP remained 200 mV lower than that of the control solution. This slower and gradual increase of ORP in the presence of sulfur compounds demonstrated that they had an inhibitory effect not only on anodic oxidation but also on spontaneous oxidation of SBH. Furthermore, the degree of inhibitory effect of the sulfur compounds was similar to that of the anodic oxidation in the LSV measurements; TDA had almost no inhibitory effect, TPN had slight effect and TSL and SLF had great effect. This similarity may imply SBH electro-oxidation near the electrode surface and spontaneous SBH oxidation are inhibited by sulfur compounds through the same mechanism.
Complete oxidation of SBH is an eight-electron reaction as follows: 25, 26 
A competitive side reaction occurs as follow:
In this measurement, dissolved oxygen was reduced by the first oxidation of SBH shown above. Sulfur compounds have been widely known as an antioxidant due to its scavenging ability of reactive oxygen species. 27, 28 The oxidation process of SBH also includes generation of radicals. 25 Sulfur compounds may be able to directly inhibit the radical reactions without adsorbing onto the surface of the electrode. When SBH is oxidized on the surface of a platinum electrode, sulfur compounds may scavenge active radical species of borohydride.
Influence of concentration and the differences between
other reducers The impact of sulfur compounds concentration on anodic polarization curves was shown in Fig. 8 in which potential is given in overpotential (the difference between the open circuit potential and applied potential) and current is expressed with a logarithmic scale. TDA showed almost no inhibitory effect on SBH oxidation even when the concentration increased up to 0.39 mM. On the other hand, TPN, TSL and SLF demonstrated greater inhibition on SBH oxidation as the concentration increased. In addition, some anodic polarization curves were turbulent at higher overpotential. In the case of TPN and SLF, this was probably because hydrogen gas emitted from SBH oxidation covered the surface of the platinum electrode.
For a sufficiently large overpotential, the current density derived from the Butler-Volmer equation can be approximated by the Tafel plot, ln«i« vs. ©.
Here, © is the overpotential, R is the gas constant, T is the temperature, F is Faraday's constant, ¡ is the transfer coefficient and i is the current (generally, current density) and i 0 is the exchange current. In addition, i 0 represents the current of an electrochemical reaction when oxidation and reduction occurs at the same rate and it represents the intrinsic rate of an electrochemical reaction. The impact of sulfur compound concentration (C s ) on i 0 estimated from the Tafel plots in a range of 0.05 < © < 0.2 V was shown in Fig. 9 (the maximum range of potential was limited at less than 0.2 V because the shape of polarization curve did not maintain the logarithmic function at © = 0.2 V or more for TPN, TSL and SLF).
As for all the compounds including TDA for which the inhibitory effect on the anodic polarization curve did not clearly appear in Figure 6 . The R ct and Q CPE variations as a function of TSL concentration estimated by fitting the EIS results. The unit of Q CPE is given in F s (p¹1) , where p was also determined by fitting the data into the equivalent circuit. The surface area of the electrodes was 2.0 mm 2 . Variations of exchange current i 0 inhibited by sulfur compounds were also investigated for hydrazine and DMAB. Figure 10 shows the results as the relative ratio; i 0 /i 0-blank , here i 0 is the estimated exchange current inhibited by sulfur compounds and i 0-blank is that of blank electrolytes containing only each reducer. The inhibitory effect of the sulfur compounds depended on reducer. For example, hydrazine was greatly inhibited by all the sulfur compounds except for TDA, on the other hand TUR inhibited the anodic oxidation of SBH and DMAB more than hydrazine. This result indicated the sulfur compounds function as inhibitors not only through catalyst surface-sulfur interaction but also through sulfur-reducer direct interaction.
Conclusions
The inhibitory effect of sulfur compounds on anodic oxidation of borohydride was investigated by LSV technique under various conditions. Sulfur compounds such as TSL, TUR and SLF inhibited anodic oxidation of SBH not only on the platinum surface but also on the GC electrode surface which had less catalytic activity than the platinum electrode. The inhibition by sulfur compounds did not depend on catalytic activity of the surface.
The EIS measurement revealed that the resistance of charge transfer increased in the presence of sulfur compounds, while the capacitance of the electric double layer did not clearly change. In addition, the charge transfer resistance linearly increased with increasing sulfur compound (TSL) concentration. On the other hand, a clear relation between the capacitance of the electric double layer and TSL concentration was not confirmed. This suggested that the sulfur compounds inhibited SBH oxidation at the electrode even without adsorbing onto the surface.
Sulfur compounds also inhibited spontaneous oxidation of SBH in the absence of a platinum electrode, and the degree of inhibitory effect of sulfur compounds was similar to that observed in the LSV measurement.
With this inhibitory effect of sulfur compounds, the exchange current of anodic reaction was suppressed to less than 1/10 of its original exchange current in the case of TSL and SLF. Sulfur compounds inhibited anodic oxidation of hydrazine and DMAB in addition to SBH, while the effect of each sulfur compound varied among these reducers. Electrochemistry, 84(11), 848-853 (2016) 
